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ABSTRACT
The AlGaN materials system has been widely explored for its applications in
wide-bandgap optoelectronics active in the UV-C spectrum between 300 - 200
nm. However, serious challenges to its use exist, including a lack of high reflec-
tivity mirror components. Distributed Bragg Reflectors (DBRs) offer some of the
most efficient mirrors available in this range. These one dimensional photonic
crystals can be grown epitaxially on existing deep UV optical devices within the
same growth chamber, making them easy to integrate with existing designs to
potentially improve light extraction efficiency. Serious challenges still exist with
the use of AlGaN DBRs, including the low contrast of the material system and
difficulty of consistent crystal growth.
The design of AlGaN DBRs is approached from initial principles based on
the optical simulation of these DBRs using the 1D transfer matrix method com-
bined with existing models of the optical parameters of AlGaN films. Exotic
approaches such as porous films are also included in the models to expand the
range of design parameters. Design rules of thumb based on analysis of these
simulations are used to simplify design choices into a systematic approach. Fi-
nally, the growth of AlGaN DBRs using molecular beam epitaxy (MBE) and
optical and structural characterization methods are introduced.
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CHAPTER 1
INTRODUCTION
1.1 Deep UV Optoelectronics in the AlGaN system
The discovery of the wide bandgap III-V semiconductor system based on gal-
lium nitride (GaN), indium nitride (InN), and aluminum nitride (AlN) has al-
lowed for major developments in visible light optoelectronics. The compound
semiconductor system has a direct bandgap throughout the visible range and is
consequently optically active throughout the entire range of possible bandgap
energies. Until recently, feasible optoelectronic devices were confined to using
photons with energies less than 3.4 eV (365 nm wavelength), the approximate
band gap of GaN. This was due primarily to low conductivity in p-type AlGaN
regions. However, the discovery of new methods of increasing the conductivity
of p-type doped AlGaN [1],[2] has allowed this range to cover the entire UV-C
spectrum. With these new techniques, devices using photon energies up to 6.2
eV (200 nm wavelength) are possible.
Devices such as LEDs in the UV-C range have already been demonstrated
[3], although wall-plug efficiency in these devices is lower than 1 %. Deep UV
laser diodes have proven elusive [4], due in large part to the difficulty of sup-
plying enough carriers to the active region to achieve enough optical gain to
reach the lasing threshold. Another major difficulty is the lack of suitable cavity
mirrors. Typically, diode lasers use low-reflectivity facet mirrors created when
the crystal is cleaved into individual diodes. This is a simple solution, but the
low-reflectivity mirrors mean that most light escapes the cavity, and thus the las-
ing threshold of facet cavities is impractically high for wide bandgap semicon-
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ductors like AlGaN. An alternative solution is to use a pair of high reflectivity
mirrors to increase the Q-factor of the laser cavity, leading to a lower threshold
necessary to begin lasing. This is the principle of the vertical cavity surface emit-
ting laser (VCSEL), which uses Distributed Bragg Reflectors (DBRs) as mirrors.
1.2 Distributed Bragg Reflectors
The Distributed Bragg Reflector (DBR) may be considered the simplest type of
photonic crystal. It is a one dimensional structure that creates a narrow and
highly reflective stopband, in which nearly all light is reflected back along the
optical axis. At its simplest level, a DBR is nothing more than a periodic stack of
media with alternating high and low refractive indexes. Because of the relative
simplicity of the structure, it can be easily incorporated into epitaxially-grown
device designs. The DBR is one of the key optical components in a VCSEL,
where a pair of very high reflectivity DBRs is used to create a laser cavity. Be-
yond VCSELs, DBRs also have potential applications in LEDs, where they can
be used to increase light extraction efficiency [5].
1.3 AlGaN for Distributed Bragg Reflectors
While DBRs have been widely used in visible-light optoelectronics, they have
not been as widely exploited in UV devices. This may be due to the lack of
suitable wide-bandgap materials that can be epitaxially grown. AlGaN does
not at first appear to be an ideal choice for a DBR, as the materials system does
not offer the high refractive index contrast necessary to create a short and ef-
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ficient Bragg reflector. However, AlGaN does offer a few critical advantages:
It can be easily incorporated into existing growth processes for AlGaN-based
optoelectronics, and it can be transparent up to photon energies of 6.2 eV (for
pure AlN). These choices make it the primary candidate materials system for
DBRs targeted within the deep UV spectrum. AlGaN has several features that
make designing and growing DBRs complicated, such as a rapidly varying in-
dex of refraction, subthreshold absorption below the band gap edge, and diffi-
culty with the growth of smooth surface morphologies for alloy fractions high
in aluminum. Additionally, the demonstration of porous DBR structures has
indicated the potential for greater reflective efficiency. These factors make it
necessary for a complete model to be built to assist in the design and fabrication
of DBRs in the deep UV range.
1.4 Thesis Structure
The purpose of this thesis is to create a semi-comprehensive guide to simulating,
designing, and growing a distributed Bragg reflector using the AlGaN material
system. As such, the thesis is divided into three main sections:
• Modeling Deep UV Distributed Bragg Reflectors - Explains the use of the
transfer matrix method to model 1D optical systems and provides simple
models for optical constants in the AlGaN system.
• Design Principles for Deep UV Distributed Bragg Reflectors - Explains the
principles behind DBR design, including the calculation of center wave-
length, stopband width, and peak reflectivity.
3
• Epitaxial Growth of Deep UV Distributed Bragg Reflectors and Character-
ization Methods - Briefly discusses the techniques used to grow an AlGaN
DBR by Molecular Beam Epitaxy, as well as laboratory techniques used to
characterize both the structure and optical properties of the grown sam-
ples.
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CHAPTER 2
MODELING DEEP UV DISTRIBUTED BRAGG REFLECTORS
2.1 The Transfer Matrix Method for 1D Optical Systems
A distributed Bragg reflector is a periodic structure with many periods of high-
and low-refractive index media. Simple calculations of reflectivity via the Fres-
nel equations (see equations (2.1) and (2.2)) become complicated due to the re-
peated Bragg reflections within the structure; Thus, a different method must be
used to efficiently analyze the propagation of light within a DBR.
RTE = |n1cos(θi) − n2cos(θt)n1cos(θi) + n2cos(θt) |
2 (2.1)
RTM = |n1cos(θt) − n2cos(θi)n1cos(θt) + n2cos(θi) |
2 (2.2)
One of the most useful methods for analyzing light propagation in com-
plicated structures is the one-dimensional transfer matrix method [6],[7]. This
method can be used to replicate the results of more complicated coupled mode
analysis with relatively simple computational steps. The transfer matrix method
begins by defining the amplitudes A f and Ab as the amplitudes of a forward
moving wave and a backward moving wave, respectively. These amplitudes
are related to a transfer matrix T12 by equation (2.3).A
n1
f
An1b
 = T12
A
n2
f
An2b
 (2.3)
In short, the transfer matrix T12 couples the amplitudes of the forward and back-
ward waves in the high-refractive index medium (n1) with those in the low-
refractive index medium (n2). A similar matrix T21 exists for waves moving
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from the low-refractive index medium to the high-refractive index medium. The
problem can now be modeled as a simple one dimensional interface reflection
at normal incidence. Thus, the form of the transfer matrix T12 can be simplified
to:
T12 =
1 1n −n
 (2.4)
This is the decomposed form of the interface matrix, which will be useful in
modeling complex structures, as it can be easily inserted into a periodic expres-
sion, as in eq.(2.14). It is important to note that the form of this matrix differs
for TE and TM polarized light. At normal incidence, both match the form of
equation (2.4). The full interface matrices are [8]:
TTE12 =
 1 1ncos(θ) −ncos(θ)
 (2.5)
TTM12 =
cos(θ) cos(θ)n −n
 (2.6)
Perhaps unsurprisingly, the opposite process T21 is simply the inverse of the T12
matrix:
T21 =
1 1n −n

−1
(2.7)
It must be noted that these matrices must be paired to be meaningful, as the de-
composition is used to seperate the ”halves” of the interface matrix. This means
that two additional end matrices are required to complete multilayer analysis
at the terminating points of the DBR structure. These matrices have identical
forms to the matrices given in equations (2.4) and (2.7), with the exception of
substituting in the necessary refractive indexes for the surrounding media.
The DBR also has lengths in which the forward and backward waves prop-
agate in a medium with constant refractive index. These lengths are important,
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as they determine the constructive interference conditions that create the optical
stopband. Following the model of plane waves in a medium, we can describe
the forward-propagating and backward-propagating waves as:
A f (r, t) = A0 ∗ e−i(kn·r−ωt) (2.8)
A f (r, t) = A0 ∗ ei(kn·r−ωt) (2.9)
To apply this to the transfer matrix method, time variance is removed, as only
the standing waves inside the structure are of interest. The ”propagating in
medium” matrix Mt is then defined as:
Mt ≡
e
−i(kn·D) 0
0 ei(kn·D)
 (2.10)
Where D is the length of the medium along which the wave travels. In the
simplest case of normal incidence, this is equivalent to the thickness of the layer.
kn is the wavevector in the medium, which is simply the free-space wavevector
k0 divided by the refractive index of the medium.
With these elements in place, the problem of propagation through the struc-
ture has been simplified in a series of steps. For example, the problem of enter-
ing a medium with refractive index n, passing through it, and exiting through
a substrate (see Fig. 2.1) can now be simply described by the matrix equation
(2.11). A
n1
f
An1b
 = B−1T12MtT21B
A
n2
f
An2b
 (2.11)
Where B are the end matrices previously discussed and Mt and T12,T12 are the
matrices defined by eqs. (2.10), (2.4), and (2.7), respectively. Because the matrix
T12MtT21 remains the same for the same material (regardless of what material
surrounds it), it is convenient to define this as a ”layer” matrix Ln:
Ln = T12MtT21 (2.12)
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Figure 2.1: A simple transfer matrix problem of a film with refractive index n1.
The effective transfer matrix for this film is described by the sequential product
of the paired interface matrices B−1T12, the in-medium propagation matrix Mt,
and the paired interface matrices T21B.
With layer matrices defined, the transfer matrix method is now a powerful tool.
In practice, any one-dimensional structure with layers of constant refractive in-
dex can be broken down into a series of layer matrices, and an effective transfer
matrix for the entire structure can be defined as the product of these layer ma-
trices. This method can even be used to approximated materials with a graded
index of refraction by breaking them down into finite elements, although this is
computationally intensive.
Figure 2.2: The transfer matrix structure of an epitaxially grown bilayer dis-
tributed Bragg reflector with N periods.
Consider the case of a simple DBR consisting of alternating layers of mate-
rial with refractive indexes n1 and n2. A single period of this structure may be
defined by the product of the layer matrices:
Ln1Ln2 = Tn1Mtn1 Tn1 ∗ Tn2Mtn2 Tn2 (2.13)
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Thus, the effective transfer matrix Me f f for the entire DBR structure is:
Me f f = B−1(Ln1Ln2)
NB (2.14)
Where N is the number of DBR periods. It is now possible to extract an effec-
tive reflectance value that describes the entire structure. Recalling the original
definition of the transfer matrix as a relation between wave amplitudes (see Eq.
(2.3)), the amplitude reflection coefficient r can be defined as:
r =
m21
m11
(2.15)
Where m21 and m21 are the matrix elements of Me f f . The amplitude reflection
coefficient is related to the Reflectance R by:
R = |r|2 = |m21
m11
|2 (2.16)
The Transmission coefficient T can also be extracted from this matrix [7]:
T = |t|2 = |m11 + m21
m11
|2 (2.17)
The transfer matrix system can be solved analytically, although in practice
it is best to approach the problem numerically, especially since certain material
parameters such as index of refraction and length are frequently not constant
over the wavelength range of interest.
2.2 Optical Properties of AlGaN alloys
Before attempting to design distributed Bragg reflectors for deep UV optoelec-
tronics, it is necessary to understand the optical behavior of the AlGaN materi-
als system in the UV-C range. Wurtzite-phase aluminum gallium nitride alloys
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have bandgaps ranging from 3.42 to 6.2 eV [9]. The band gap does not vary
linearly with aluminum content, due to a small bowing parameter. Brunner et
al. [9] give the following analytical model for band gap based on Al fraction xAl:
Eg(eV) = 6.13xAl + 3.42(1 − xAl) − 1.3xAl(1 − xAl) (2.18)
Alternative calculations [10],[11] based on ab initio calculations and later studies
have yielded smaller bowing parameters than the 1.3 eV used in Brunner et
al.’s model of the bandgap energies. The AlGaN system has a direct band gap
over its entire range [11],[12], and so large optical absorption coefficients can be
expected above the band edge at any temperature.
The refractive index of AlGaN Alloys is not constant in the deep UV range.
As the photon energy of light approaches the bandgap, the refractive index of
the material is significantly increased due to a strong excitonic resonance near
the band edge [13]. This fact has been exploited to increase the refractive index
contrast between AlN and AlGaN films to enhance DBR reflectivity [14]. Brun-
ner et al. [9] again provide an empirical model for the refractive index below
the band gap based on photon energy hν and Aluminum fraction x:
n2(hν, x) = (hν, x) = C(x) + A(x)y−2(1 − (1 + y)1/2 − (1 − y)1/2) (2.19)
Where C(x) and A(x) are both functions dependent on the Aluminum fraction
and y = hνEg . Brunner et al.[9] found the best fit to data for these two functions
was:
C(x) = (−2.2 ± 0.2)x + (2.66 ± 0.12) (2.20)
A(x) = (3.17 ± 0.39)x1/2 + (9.98 ± 0.27) (2.21)
This relation does not model behavior of the dielectric function above the
bandgap energy Eg, but this area is of little interest for designing DBR structures,
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as wavelengths shorter than the bandgap of AlGaN will be strongly absorbed,
severely limiting the efficiency of the reflector.
Figure 2.3: The refractive indexes of various AlGaN Alloys with aluminum frac-
tion x in the range from 500 to 200 nm. Each curve terminates approximately
at Eg for its respective alloy. Each curve was calculated based on the refractive
index model from Brunner et al. [9].
The refractive index contrast between each alloy is fairly low in the visible
range, but contrast can be increased near the band edge due to the excitonic
resonance peak. This forms the basis of an optimization problem that will be
discussed in chapter 3.
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2.3 Modeling Absorption in AlGaN DBRs
As with most materials, AlGaN alloys are not completely transparent in the
UV-C range. Modeling absorption losses in AlGaN DBRs is critical for under-
standing the design problems. Absorption can be broadly defined by the Beer-
Lambert Law:
A(λ) = A0(λ)e−α(λ)D (2.22)
Where α is the absorption coefficient, D is the thickness of the absorbing media,
and A0 and A are the initial and final intensities.
Absorption may be easily integrated with the existing transfer matrix
method provided the following assumptions are made:
1. The absorption coefficient of each individual layer is constant throughout
the layer.
2. No additional absorption processes occur at the interfaces - i.e. the absorp-
tion process is entirely volumetric.
These assumptions are generally acceptable, but due to polarization effects 2D
electron and hole gases may form at heterostructure interfaces [1] within AlGaN
DBRs, which can increase free-carrier absorption. Thus, this model should be
considered most valid for undoped or lightly doped structures, where any ab-
sorption effects from 2DEGs or 2DHGs are minimal. If it is assumed that the
absorption process is entirely volumetric, then the absorption can be modeled
[7] simply by combining the Beer-Lambert Law with the propagation matrix
12
defined in Equation (2.10):
Mt ≡
e
−i(kn·D)−αD 0
0 ei(kn·D)−αD
 (2.23)
This propagation matrix may then be combined with the interface matrices to
form the layer matrix as previously demonstrated.
With this model in place, all that is required to model loss in AlGaN lay-
ers are functions for the absorption coefficients across the wavelength range of
interest. Unfortunately, sub-threshold absorption in wide-band gap semicon-
ductors like AlGaN is a complicated process that depends highly on the growth
conditions and defect structure of the individual AlGaN films. Brunner et al.
[9] give one of the first empirical models for sub-threshold absorption in AlGaN
films:
α = α0e
hν
EUrb (2.24)
Where EUrb is the energy of the Urbach tail. The Urbach tail is an exponentially
increasing absorption coefficient for photon energies below the band gap. This
tail is thought to arise from phonon interactions with excitons [15]. Brunner
et. al [9] observed that the size of the Urbach energy varied for different AlGaN
compositions, from as low as 30 meV for GaN to 230 meV for Al.80Ga.20N, before
dropping down to around 90 meV for AlN. Brunner et al. further noted that this
behavior appeared to correlate with the bowing parameter, as the peak Urbach
energy was reached at the same composition that was the furthest from linearity.
Alternative data for AlGaN absorption also exists [16], but is incomplete for
compositions in the deep UV range with Aluminum fractions above 60 %.
Due to the lack of published data on the absorption coefficients of AlGaN
films, it may be productive for any research group interested in DBR growth to
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create their own empirical model for AlGaN absorption based on the growth
methods and conditions used in their own group.
2.4 Modeling Porous AlGaN Layers
Varying the composition of AlGaN using heterostructures is not the only
method that can be used to achieve high refractive index contrast. One com-
monly used approach to create a larger refractive index contrast is to alter the
effective refractive index by increasing the porosity of a layer. Since air has a
refractive index of approximately nair = 1, contrast induced by layering porous
material with solid material can meet or exceed that produced by compositional
variation. Porous reflectors have been demonstrated in both indium-tin oxide
films [17] as well as GaN epitaxial structures [18].
Most porous material grown at device scale can be assumed to be disordered.
Under these conditions, the effective refractive index can be approximated us-
ing a simple volume fill model [18]. This model is given by the equation:
ne f f = ((1 − p)n2mat + pn2air)
1
2 (2.25)
where nmat and nair are the refractive index functions of the material and air,
respectively, and p is the fraction of the layer volume occupied by pores. This
simple model can also be used to approximate absorption in porous layers:
αe f f = ((1 − p)α2mat + pα2air)
1
2 (2.26)
However, this approximation is only valid if optical scattering in the porous
layer is minimal.
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Most disordered porous material can be safely approximated by this volume
fill model. Ordered porous material is more difficult, due to the anisotropy
of the effective refractive index and effective absorption coefficient. Ordered
porous structures thus require individual consideration to model.
2.5 Off-Axis Light Propagation using the Small Angle Approx-
imation
The 1D transfer matrix method described in Section 2.1 is a powerful tool for op-
tical calculations, but it is limited only to analysis on a single optical axis. 2- and
3-dimensional problems rapidly increase the complexity of the problem due to
the interference of multiple non-parallel reflection. In general, distributed Bragg
reflectors are used on their normal axis, since they are most efficient at normal
incidence. However, it may sometimes be useful to consider waves propagating
at slight angles to the optical axis of the Bragg reflector. This can be done using
the small angle approximation.
Figure 2.4: A scenario in which light propagates at a small angle θ <≈ 10◦.
First, consider the two decomposed interface matrices for TE and TM-
polarized light, given by equations (2.5) and (2.6). Under the small angle ap-
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proximation,
cos(θ) ≈ 1 (2.27)
and so the form of these matrices is unchanged from equation (2.4). Next, con-
sider the propagation matrix, given by equation (2.10). The distance Dθ that the
wave travels through the layer of thickness D is now:
Dθ = Dsec(θ) =
D
cos(θ)
(2.28)
While it is possible to further apply the small angle approximation here, this
merely yields the same result as on-axis calculations, and therefore it is not in-
structive to do so. The principle of this approximation is to treat any small vari-
ations in angle (under about 10◦) as a slight increase in effective layer length.
This means that the stopband and reflectivity peak of the mirror will appear
red-shifted when measured at a slight angle.
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CHAPTER 3
DESIGN PRINCIPLES FOR DEEP UV DISTRIBUTED BRAGG
REFLECTORS
3.1 Basics of DBR Design
All distributed Bragg reflectors share some basic design features. DBRs use pe-
riodic interface reflections to create a stopband in which forward-propagating
light modes are disallowed [19]. Thus, unlike the reflectivity spectrum of a
metal mirror, which covers a wide range of wavelengths, the reflectivity spec-
trum of a DBR is confined to a narrow range of wavelengths. The critical fea-
tures of this spectrum and their theoretical origins are described below.
Figure 3.1: Reflectance spectrum of a 10-period UV DBR with center wavelength
λc = 270 nm. The peak reflectivity Rmax and 3dB stopband width ∆λ are marked
on the figure.
The first critical parameter of the DBR spectrum is the center wavelength
λc. The stopband is formed by constructive interference of reflected waves, so
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the center wavelength is determined primarily by the thickness of the structure
[20]. To understand this, the conditions for constructive thin film interference at
normal incidence are useful:
φ = pi + 2pin (3.1)
A 180◦ phase shift, or some even multiple, is required for complete constructive
interference. The simplest way to achieve reflections with phase shifts that are
multiples of 180◦ is to match each layer properly, as shown in Fig. 3.2.
Figure 3.2: A distributed Bragg reflector in which all reflected waves Rn have a
phase shift with a multiple of pi, leading to constructive interference. Note that
an additional phase shift of pi is added when transitioning from materials with
a lower refractive index to materials with a higher index.
This is the simplest form of DBR, which requires that propagation through
each of the layers adds a phase shift φ = pi2 . Since the incident and reflected
waves are modeled as plane waves, this indicates that the thickness D of each
layer must be:
D =
λc
4n
(3.2)
Where n is the effective refractive index in the material. This type of DBR is
frequently called a ”quarter-wave stack” because the length of the layers is equal
to a quarter wave in the medium. The quarter-wave DBR is not necessarily the
only type of distributed Bragg reflector, since the only requirement to create a
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photonic stopband is that constructive interference is maintained. However, the
quarter-wave DBR is the most efficient structure [19] if the mirror is designed to
reflect a single wavelength. It is worthwhile to note that the effective refractive
index of the material affects the central wavelength. This is an important fact
for engineering DBRs in the AlGaN system, due to the presence of the excitonic
resonance peak in the dielectric function near the band edge.
The second important parameter of a DBR spectrum is the bandwidth of the
stopband. The bandwidth of the DBR stopband is principally a function of the
refractive index contrast |n1 − n2|, but various other parameters in real systems
such as layer thickness variations can also influence the bandwidth. There is no
simple formula to derive the bandwidth of the stopband for any arbitrary DBR
structure aside from a complete transfer matrix method simulation. However,
for ideal cases of the quarter-wave stack structure described above, an approxi-
mation exists[21]:
∆λ ≈ 4λc
pi
arcsin
[
n1 − n2
n1 + n2
]
(3.3)
Where λc is the central wavelength and n1 > n2 are the refractive indexes of
the alternating layers. This approximation has two caveats: first, it is accurate
only where the refractive index is constant or varies slowly. Second, it is only
valid for mirrors with a low index contrast [21]. Both of these assumptions may
be wrong in the AlGaN system, especially when dealing with porous media.
Thus, it is usually better to extract this parameter directly from a transfer matrix
simulation fo the device.
The last important parameter of the DBR is the peak reflectivity. The re-
flectivity of a DBR is primarily a function of the number of periods as well as
the refractive index contrast. For an ideal quarter-wave stack DBR, this is the
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reflectivity of the center wavelength. As with the stopband width, there is no
simple analytical formula for the peak reflectivity of an arbitrary DBR structure.
A formula exists for an ideal quarter-wave stack through use of the hyperbolic
tangent approximation [22]:
Rmax =
[
n0(n2)2N − nsub(n1)2N
n0(n2)2N + nsub(n1)2N
]2
(3.4)
Where n0 and nsub are the refractive indexes of the materials coupling into the
DBR on either side, n1 > n2 are the refractive indexes of the alternating layers,
and N is the number of periods in the device. As with the approximation of
bandwidth, this approximation is only correct when the contrast between re-
fractive indexes is low and the refractive indexes are constant or slowly varying
over the wavelength range of interest. In situations where this isn’t true, it is
more informative to extract the parameters directly from simulation.
The three critical parameters for DBR design can be summarized as follows:
• Center Wavelength λc: Determined primarily by conditions for construc-
tive interference, driven by layer length D and refractive index n.
• Stopband Width ∆λ: Determined primarily by refractive index contrast ∆n
• Peak Reflectivity Rmax: Determined primarily by by refractive index con-
trast ∆n and number of periods N.
3.2 Engineering DBRs in the AlGaN System
The AlGaN system does not, at first, appear to be an optimal choice for a DBR
structure. The refractive index contrast between aluminum nitride and gallium
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nitride is a fairly small ∆n ≈ .5 in the visible range, and the contrast between
AlGaN alloys and aluminum nitride is even smaller. However, there are several
features of the AlGaN system that enable it to be useful as a material for DBRs
in the deep UV spectrum:
1. Transparency: AlGaN alloys are wide-bandgap semiconductors with Eg
between 3.42 to 6.2 eV. Many oxides used in visible light DBRs such as
ITO [17] or TiO2 [23] have bandgap energies less than 4 eV, making them
unsuitable for use in the deep UV spectrum.
2. Conductivity: Unlike most oxides used in DBRs, AlGaN has been suc-
cessfully n-type doped and has reportedly achieved resistivities as low as
0.026 Ω − cm [24] even for compositions with an aluminum fraction above
80%. This allows it to potentially be used as a conductor, as in a VCSEL.
3. Manufacturability: Growth techniques for AlGaN layers have been well
studied, and using AlGaN DBRs combined with nitride active regions al-
lows devices to be grown epitaxially during the same growth cycle, rather
than requiring regrowth on different equipment.
Thus, even a materials system with low refractive index contrast is a useful
candidate for a DBR.
One special advantage of working with the AlGaN system is the increased
refractive index near the band edge. This is due to an excitonic resonance peak
in the dielectric function corresponding to the band gap energy. The refractive
index of an AlGaN alloy may increase by as much as .5 for photon energies
close to the band gap. Since the peak reflectivity for a given number of periods
increases with increasing refractive index contrast, it is possible to significantly
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reduce the number of periods in the mirror needed to reach a specific reflectivity.
In a design with no consideration for subthreshold absorption, the greatest
refractive index contrast will be reached with a mirror consisting of alternating
layers of AlN and the AlGaN composition with a bandgap corresponding to the
photon energy of the design wavelength. This minimizes the refraction index of
the low-index layers (AlN) and maximizes the index of the high-index (AlGaN)
layers. However, this design cannot achieve high reflectivity (> 99 %) in the real
world because subthreshold absorption becomes significant. Thus, designing a
deep UV DBR requires balancing the increase in contrast with the increase in
absorption near the band edge.
To begin this process it is necessary to define the design reflectivity R, and if
needed, the design Transmittance T . By simple conservation of energy:
R + T + A = 1 (3.5)
Where A is the absorbance, which, by the Beer-Lambert law, is equal to:
A =
I
I0
= e−αD (3.6)
For example, it can be seen that 99 % reflective mirror with a 1 % transmittance
is physically impossible with a nonzero absorption coefficient. Consider the
case of a mirror with R = 0.99,T = 0.0. For these conditions, and using the
approximation given by eq. (3.4), two relations hold:
A = e−αAlNDAlN−αAlGaNDAlGaN = 0.01 (3.7)
R =
[
n0(nAlGaN)2N − nsub(nAlN)2N
n0(nAlGaN)2N + nsub(nAlN)2N
]2
= 0.99 (3.8)
Because R + A = 1, it is possible to create a system of equations. However, this
system is underdefined, so additional constraints must be put into place. The
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layer thickness, as in a quarter-wave stack, is defined as
DAlGaN =
Nλc
4nAlGaN
(3.9)
This allows the system of equations given by eqs. (3.7) and (3.8) to be solved for
nAlGaN and N to generate design curves. The reflectivity in eq. (3.8) approxima-
tion can be substituted for the more exact value given by eq. (2.16), but calcu-
lating the transfer matrix in this system of equations requires a computationally
intensive numerical solution.
One last complication of using the AlGaN system to create DBRs exists. Be-
cause AlGaN alloys have a lattice constant that varies significantly from AlN, it
is possible that strain relaxation can occur by the formation of cracks if the film
is grown too thick. These cracks are undesirable, as they may scatter light and
increase subthreshold absorption. The critical thickness for strain relaxation has
been calculated [25],[26] to vary from hundreds of nanometers to as low as 40
nm for Al.60Ga.40N. In general, if the condition:
Dcritical <
λc
4nAlGaN
(3.10)
is met, then the DBR is at risk of cracking. This risk is highly dependent on
growth conditions and may be exacerbated or improved by different methods
of epitaxial growth.
3.3 Rules of Thumb for Compositional and Thickness Varia-
tions
Previous sections have considered DBR designs with exact, precise parameters.
However, it is nearly impossible to avoid compositional and growth variances
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when attempting to grow structures epitaxially. While it is possible to charac-
terize each device and simulate the exact structure, it is often more useful to
estimate how variations will affect critical parameters with simple, empirical
rules of thumb.
3.3.1 Correlated Thickness Variations
Figure 3.3: Reflectivity spectra for a 20-period 265 nm Al.70Ga.30N/AlN DBR
with layer thicknesses DAlGaN = 27nm and DAlN = 31nm, with the variation pa-
rameter ∆D added to these lengths as a correlated thickness variation.
Underestimating the growth rate of certain layers can cause correlated thick-
ness variations, where all layers are a certain thickness ∆D longer than designed.
It can be observed that for small ∆D less than about 10 nm, the redshift in the
central wavelength is approximately linear, following the equation:
∆λc ≈ cD∆D (3.11)
Where cD is a proportional constant for a given wavelength. For a 265 nm mirror,
for example, cD is about 6.67.
24
3.3.2 Correlated Composition Variations
Figure 3.4: Reflectivity spectra for a 20-period 265 nm Al.70+∆xGa.30−∆xN/AlN
DBR with layer thicknesses DAlGaN = 27nm and DAlN = 31nm, with the variation
parameter ∆x as a correlated compositional variation.
Epitaxial growth of AlN is straightforward, but ensuring the correct compo-
sition of a psuedobinary AlGaN alloy is somewhat more difficult. The composi-
tion of the alloy may vary by a ∆x, such that the alloy is AlX+∆xGa1−X−∆xN. If this
variation is uniform across all layers and not greater than about .1, the blueshift
of the central wavelength can be observed to be approximately linear:
∆λc ≈ −cx∆x (3.12)
Where cx is a proportional constant for a given wavelength. For 265 nm, cx is
approximately equal to 50. It can be seen that small correlated variations in
compositions have much less of an effect on center wavelength than correlated
length variations.
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3.3.3 Uncorrelated Variations
It is difficult to create an all-encompassing rule of thumb for uncorrelated va-
rations because of the various distributions of these errors. It can be reasoned
through simple Fourier analysis that if the individual variations δD or δx follow
a Gaussian distribution then the shift in center wavelength will be 0, since this
indicates that the phase shifts (φ) of the reflected waves will also be distributed
as a Gaussian. One major issue in considering the approach is that DBRs are
not symmetrical structures: The amplitude of the waves reflected by each layer
rapidly decrease, as the part of the power of the transmitted wave is reflected
at each interface. Thus, any variations in the first few layers the incident beam
passes through will have a much greater effect on the reflected power than a
variations in layers deeper into the structure.
The approximation given by Eq. (3.4) is a simplified form of the hyperbolic
tangent approximation for reflectivity. This widely used approximation is de-
rived from coupled-mode theory [7], and may be re-defined to provide a recur-
sive relation that will prove useful in resolving this issue. The hyperbolic tan-
gent approximation asserts that that, for a quarter-wave reflector with abrupt
interfaces [7],
r ≈ tanh(sair + 2∆n
λ
D) (3.13)
Where ∆n is the difference in refractive index and D is the overall length of the
structure. The length of the periods is constant (excluding minor variations) in
a quarter-wave stack, so:
D = N ∗ ( λc
4n1
+
λc
4n2
) (3.14)
Where N is the number of periods in the reflector. With the length now exactly
defined, it is easy to define the fractional component that each additional period
26
The fractional component of reflectivity can be defined recursively:
r f rac(λc,N) ≈ tanh(sair + 2∆n
λ
N ∗ ( λc
4n1
+
λc
4n2
)) − r f rac(λc,N − 1) (3.15)
In this case, the first fractional component r f rac(λc, 0) is simply the reflectivity
of the first interface- the surface, given by the Fresnel equations (2.1),(2.2). We
can now insert uncorrelated variances in length δd and composition δn into each
expression.
r f rac(λc,N) ≈ tanh(sair+ 2∆n
λ
N∗( λc
4(n1 ± δn1)±δd1+
λc
4(n2 ± δn2)±δd1))−r f rac(λc,N−1)
(3.16)
It can be understood from this expression that the individual variances will have
a very different effect at the beginning of the stack than at the end of the stack,
since the error components in the initial layers will propagate through the recur-
sion. Importantly, the upper bound for the variance caused by a single layer is
equivalent to
∣∣∣r f rac∣∣∣ for that same layer- as in the limiting case, the error is only so
large as to create a 90 degree phase shift for the reflected wave, resulting in total
destructive interference of the reflected wave. Since the fractional component
of the reflectivity is high only for the first few layers of the stack, compositional
and length variations in these layers are responsible for most of the variance in
the reflectivity.
A good approximation of the reflectivity variance can be made if it is as-
sumed that all variations in length and composition are approximately equal in
magnitude. In this case, the known variance in composition or length of the first
layer (or first few layers, averaged) is substituted into the correlated variation
cases discussed in the previous two sections. Since each subsequent layer re-
flects less light than the first, the magnitude of the first error (or first few errors)
can be assumed to dominate.
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3.4 Incorporating Porous Layers
Porous layers can greatly decrease the effective index of refraction, but there
are several practical concerns that must be addressed before they can be incor-
porated into a DBR design. Porous layers are typically achieved by a selec-
tive electrochemical etch [18], which takes advantage of differential n-type dop-
ing to partially etch these layers. Ideally, an etch that selectively etches away
AlN layers while leaving AlGaN layers intact would achieve greatest contrast,
since the AlGaN layers naturally have a higher index of refraction. However,
bandgap selective photoelectrochemical etches [27] can only etch AlGaN from
AlN. Doping-selective electrochemical etches are restricted by similar issues,
since the polarization effect in AlN/AlGaN heterostructures [1] will cause most
electrons to form a 2DEG at the AlGaN/GaN interface. In this case, it is simpler
to use a single composition, such as AlN, and use modulated doping to achieve
the selective etch.
Beyond material selection, there are certain obvious limitations to the de-
sign of DBRs with porous layers. For example, layers with porosity greater than
about 80 % will be a major device stability concern. Any internal stresses in the
layer will be magnified due to the small amount of material remaining. Layers
with porosity under 20 % will require an impractically large number of periods
to achieve high reflectivity due to the very small refractive index contrast. Fi-
nally, all DBRs based on porous material may experience scattering effects due
to the random distribution of the voids in the material. This may render porous
materials unsuitable for applications requiring very high reflectivity.
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3.4.1 Correlated Porosity Variation
Figure 3.5: Reflectivity spectra for a 10-period, 265 nm porous AlN/AlNp DBR
with layer thicknesses DAlNp = 39.4nm and DAlN = 31nm, with the variation pa-
rameter ∆p as a correlated compositional variation.
As with the composition ∆x and layer thickness ∆D, it is helpful to define a
porosity variation ∆p caused by over- or underestimation of the etch rate during
the electrochemical etch of a porous DBR. If the variation in porosity is small
(under 10 %), then the shift in central wavelength is approximately linear:
∆λc ≈ −cp∆p (3.17)
Where cp is a proportional constant at a certain wavelength. For this 265 nm
DBR, cp is approximately 66.
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CHAPTER 4
EPITAXIAL GROWTH OF DEEP UV DISTRIBUTED BRAGG
REFLECTORS AND CHARACTERIZATION METHODS
4.1 Molecular Beam Epitaxy
Although many methods are available to epitaxially grow AlGaN films, the two
most frequently used for modern device research are Metal Organic Chem-
ical Vapor Deposition (MOCVD) and Molecular Beam Epitaxy (MBE). Both
MOCVD [28],[29] and MBE [14],[30],[31] have been used to grow AlGaN dis-
tributed Bragg reflectors. This thesis will focus on the latter of the two methods,
since MBE offers certain advantages for device growth, such as the ability to
incorporate magnesium-doped P-type layers anywhere in the device geometry
without risk of hydrogen passivation.
Molecular Beam Epitaxy is essentially a highly-regulated thermal evapora-
tion process that takes place at ultra-high vacuum conditions (chamber pres-
sures of 10−9 Torr or lower) and very slow growth rates (frequently measured
in nanometers per minute) [32]. At these low pressures, the mean free path
of evaporated atoms can be measured in meters, forming atomic ”beams” that
travel directly to a target substrate. If the target substrate is heated, atoms arriv-
ing at the surface may have enough energy to become adsorbed and then form
bonds with the surface. By controlling growth conditions precisely, flow of the
adsorbed atoms on the surface will cause them to migrate to sites located at the
edge of atomic steps at the surface, allowing them to expand the crystal epi-
taxially monolayer-by-monolayer. Any atoms from the impinging beams that
do not stick to the substrate (or miss) will either stick to the vacuum chamber
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walls or be pumped out of the system. This allows the growth of semiconductor
heterostructures that are sharply defined and relatively free of contamination.
The core of an MBE system is the growth chamber. The growth chamber
consists of three primary components:
• Effusion cells - These are specially designed thermal evaporators (typically
Knudsen Cells [33]) filled with solid-phase source elements. The geometry
of the cells is specially designed to produce a conical beam aimed at the
substrate mount. Effusion cells are covered with specialized shutters that
can rapidly block the beam to terminate growth.
• Substrate mount - A rotating mount for crystalline substrates. The mount
contains a thermocouple and heater unit designed to keep the substrate
at the elevated temperatures needed for crystal growth. The mount is de-
signed to rotate to ensure even growth over the entire substrate and so
that RHEED can be used to monitor growth.
• RHEED and other sensors - Reflection High Energy Electron Diffraction
(RHEED) is a type of in situ measurement technique used to characterize
and control epitaxial growth. Similar to X-ray diffraction, RHEED uses
the diffraction pattern created by a high-energy electron beam grazing the
substrate to monitor the monolayer growth [34]. As atomic steps form on
the surface, the intensity of the diffracted electron beam is reduced due to
diffuse scattering from the atomic steps, but returns to its original inten-
sity when the monolayer is complete. These oscillations can be used to
characterize the growth rate and surface quality in real time [35]. Other
types of sensors such as spectroscopic ellipsometers [36] and laser reflec-
tometers [37] have also been used to make up for shortcomings in RHEED
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techniques.
Growth of the III-V nitrides in an MBE system requires some special consid-
erations. As nitrogen is a gas at room temperature, it cannot be delivered to the
surface of a substrate via an effusion cell as aluminum and gallium can. Instead,
an energetic nitrogen plasma must be introduced into the chamber to produce
a nitrogen species reactive enough to form bonds with the adsorbed aluminum
and gallium atoms [38]. An MBE System containing a plasma source is known
as a Plasma-assisted Molecular Beam Epitaxy (PAMBE) system. In AlGaN MBE
growth, the power delivered to the nitrogen source is one of the critical variables
used to control growth rates.
4.2 Epitaxial Growth of AlGaN Distributed Bragg Reflectors
Figure 4.1: Two DBR designs used in experimental MBE growth. Both struc-
tures used alternating 29 nm layers of AlN and Al.70Ga.30N for simplicity. The
second structure was grown at a faster growth rate to enable efficient growth of
20 periods.
To confirm the validity of the model and designs discussed in Chapters 2 and
3, a Veeco Gen10 Plasma-assisted Molecular Beam Epitaxy system was used to
grow two simple AlGaN distributed Bragg Reflectors. The design of these Bragg
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reflectors (see fig. 4.1) is approximately that of a quarter-wave stack using AlN
and Al.70Ga.30N, although the design has intentionally lengthened the sections
of Al.70Ga.30N to be identical in length to the AlN sections. This allowed super-
lattice measurements using X-ray Diffraction to be taken more easily, although
this design choice degrades the quality of the reflector. Basic physical statistics
of the designs can be found in Table 4.1 :
Sample Name λc (nm) xAl DAlN (nm) DAlGaN (nm) N
180227Zb 265 .70 29 29 10
180302Zb 265 .70 29 29 20
Table 4.1: Physical dimensions and design parameters of the two DBR designs
chosen for MBE growth.
The choice of substrate was a pair of 0.5 cm x 0.5 cm sapphire (Al2O3) wafers
with a pre-grown AlN template from Dowa Electronic Materials Co. This was
due to the expense of obtaining bulk AlN substrates; AlN template wafers offer
acceptable growth characteristics and optical properties for the purposes of the
study.
Growth of the first sample (180227Zb) began with a nitrogen RF plasma
power of 200 W. This was on the lower end of the range of feasible plasma
power, and was chosen because it had shown the potential for smooth interfaces
during earlier growths on the same system. However, the 200 W power only
achieved a growth rate of approximately 4.5 nm/min, meaning that growth of
a 20-period reflector would take upwards of 8 hours to complete. This was not
considered feasible for long period growth. Additionally, Migration-enhanced
epitaxy (MEE) was used to grow the AlN layers. This process temporarily
blocks the Aluminum beam so that excess adsorbed aluminum on the epitaxy
surface can be consumed [39]. This is intended to result in reduced surface
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roughness. Aluminum and nitrogen were deposited in 60 second increments,
then the aluminum shutter was closed, while the nitrogen plasma source re-
mained active for 6 additional seconds.
More complete growth conditions for the first growth are listed in Table 4.2:
Layer Tsub (◦C) PN2 (W) TAl (◦C) TGa (◦C) N2 Flow Rate (sccm)
AlN 750 400 1115 Shutter Closed 1.8
Al.70Ga.30N 750 400 1099 1005 (905*) 1.8
Table 4.2: MBE growth parameters for the growth of Sample 180227Zb on
a Veeco Gen10 MBE system. Includes Substrate thermocouple temperature,
Plasma power, Cell temperatures, and Nitrogen flow rate.
*The thermocouple for the Gallium cell is believed to read about 100 ◦C lower
than temperature at the cell’s tip.
While growth under these conditions was successful, it would take too long
to grow the 20- and 30-period distributed Bragg reflectors needed to achieve
reflectivity above 99 %. The growth parameters were recalculated and cell tem-
peratures increased to increase atomic flux to that necessary for a plasma power
of 400 W. This vastly increased the growth rate so that a 20-period DBR could
be grown in about 4 hours. A second sample, the 20-period DBR 180302Zb,
was grown with these recalculated parameters. As before, an MEE strategy was
used for the AlN layers, with an interruption period of about 10 seconds. More
comprehensive data is shown in Table 4.3:
Layer Tsub (◦C) PN2 (W) TAl (◦C) TGa (◦C) N2 Flow Rate (sccm)
AlN 750 200 1083 Shutter Closed 1.8
Al.70Ga.30N 750 200 1063 980 (880*) 1.8
Table 4.3: MBE growth parameters for the growth of Sample 180302Zb on
a Veeco Gen10 MBE system. Includes Substrate thermocouple temperature,
Plasma power, Cell temperatures, and Nitrogen flow rate.
*The thermocouple for the Gallium cell is believed to read about 100 ◦C lower
than temperature at the cell’s tip.
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The second growth strategy proved to be more effective, as the 20-period
DBR was shown to have the proper stopband width and central wavelength,
while the 10-period DBR could not be found to have any noticeable stopband,
possibly due to strong subthreshold optical absorption.
4.3 Structural Characterization Methods
Although MBE provides several in situ methods (such as RHEED) for character-
izing the structure of epitaxially grown films, it does not provide a comprehen-
sive picture of the structure. It is often necessary to use other analysis methods
to characterize the structure and ensure that it matches theoretical specifications
before comparing performance. Two of the most useful structural characteriza-
tion methods for DBR growth are X-ray Diffraction (XRD) and Atomic Force
Microscopy (AFM).
4.3.1 X-ray Diffraction
X-ray diffraction is one of the most common methods of analysis used for thin
films. X-ray diffraction relies on the fact that atomic planes are regularly spaced
in crystals and thus act as Bragg gratings for X-rays. X-ray diffraction can there-
fore be used to determine the spacing of the planes, and consequently be used to
estimate the true composition of psuedobinary alloys like AlGaN. The quality
of the grown crystal can also be inferred from the XRD spectrum, since crystals
with poor quality will not diffract as strongly as perfect crystals and may cause
secondary diffraction peaks. The theory of simulating complex thin-film struc-
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tures such as DBR is too involved to be examined in depth here and is best left
to a more comprehensive introductory text such as Fewster (1996) [40].
Figure 4.2: The Ω/2θ spectrum of 20-Period DBR 180302Zb focused around the
0 0 2 diffraction peak. The red lines show a simulated XRD spectrum based on
an AlGaN/AlN DBR.
X-ray diffraction can also be used to characterize larger structures like the
DBR superlattice [41]. This measurement is especially useful in a DBR as a way
of confirming that the layers have been grown to the proper thickness. Super-
lattice satellite fringe measurement of the 20-period DBR 180302Zb showed a
layer thickness of 29 nm - exactly in line with the intended design. In this way,
X-ray diffraction is an effective diagnostic tool for ensuring layer thicknesses,
alloy compositions, and crystal quality all satisfy the design requirements of the
DBR.
36
Figure 4.3: Left: An AFM micrograph showing the variations on the surface of
10-period DBR 180227Zb.
Right: An AFM micrograph of the surface of 20-period DBR 180302Zb.
4.3.2 Atomic Force Microscopy
Atomic force microscopy is a useful tool for analyzing the surface morphology
of MBE grown films. AFM works by scanning a nano-sized probe tip over the
surface of the material, then measuring the deflection of the probe tip at each
point. In this way it is able to create a topographical map of the surface. Statis-
tics from this topographical map can be used to determine the surface rough-
ness. On very smooth films, atomic steps can even be visually identified in AFM
micrographs.
Rough interfaces are undesirable for distributed Bragg reflector, as they can
scatter light in ways that do not contribute constructive interference to the re-
flected wave, limiting the efficiency of the reflector. The two MBE grown DBR
samples (seen in Fig. 4.3) have somewhat rough surfaces, with a root mean
square variation greater than 1 nm over a 2 x 2µm zone. This may be the cause
of the reduced reflective efficiency as compared to theory.
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4.4 Optical Characterization Methods
While structural characterizations are useful for diagnosing problems with the
epitaxial growth process, the ultimate test of a distributed Bragg reflector is its
optical performance. If the DBR is only intended to be used as a mirror, the
reflectance spectrum is the most important benchmark.
4.4.1 Absolute Specular Reflectance Spectroscopy
Figure 4.4: Left: The measurment pathway for an absolute specular reflection
using sequential mirrors.
Right: The 100 %R baseline pathway that bypasses the sample mirror.
Measuring the reflectance spectrum of a distributed Bragg reflector tuned to
reflect in the deep UV spectrum is more difficult than most reflectance measure-
ments. Unlike the visible range, there are few reference mirrors that can be used,
since most metals will absorb light in this range. Additionaly, diffuse reflective
materials used in integration spheres (such as Spectralon [42]) will also perform
poorly in the deep UV range. This means that simple total reflectance measure-
ments using UV-visible light spectrometers with integration spheres can give
inaccurate results. Additionally, only the specular reflectance of light is a con-
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cern in distributed Bragg reflectors, since light scattered in any other direction
will be lost in a real device.
Absolute specular reflectance spectroscopy is a technique designed to over-
come these difficulties. Rather than the sample being referenced to some mir-
ror with a known spectrum, the sample is inserted into a chain of mirrors that
form a pathway between a spectral source and a detector. These mirrors can
be treated as a one-dimensional optical system, and ordinarily have the transfer
matrix structure:
Msum = M1M2M3M4 etc. (4.1)
An absolute specular reflectance measurement system will have a pair of mov-
able mirrors that will alter the path of the optical beam so the sample acts as a
mirror in the chain. Thus, the transfer matrix becomes:
Msum = M1M2MsampleM3M4 etc. (4.2)
In this case, the specular reflectance of the sample can be defined simply as the
intensity (Transmittance) of the beam that is diverted to reflect off the sample
divided by the Transmittance of the original path, which represents 100 % R.
In this way, the system avoids the collection of diffuse reflection and the other
mirrors do not alter the result, as any losses are accounted for in both pathways.
The absolute specular reflectance spectrum of the MBE grown DBRs
180227Zb (10-period) and 180302Zb (20-period) shows some interesting results.
Although 180302Zb has a stopband and center wavelength very close to what
is predicted by simulation, it has a very low reflectivity, peaking at around 44
% instead of 90 %. This may be due to imperfections or excessive subthreshold
absorption. 180227Zb barely appears to have a stopband due to its reflectivity
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Figure 4.5: Left: Absolute specular reflectance spectra for both MBE grown DBRs
Right: Simulated reflectance spectra for both MBE grown DBRs.
barely exceeding the higher-order fringes. Both reflectors show much lower re-
flectivity than expected, which may indicate unexpected losses in the absolute
specular reflectance measurement as an alternative explanation.
Although it is possible to perform absolute specular reflectance measure-
ments using a series of different mirrors (as was done to generate the spectra
for the MBE grown samples in Fig. 4.5), A better controlled method is to use re-
peated reflections off of the same two mirrors. This method was demonstrated
by Berseth et al. [43]. Alternatively, the absolute specular reflectance may be
measured by the cavity phase-shift method [44], which measures phase shifts
in a resonant cavity caused by absorption losses. Both of these methods have
advantages and disadvantages: the ”Z” method used by Berserth et al. places
restriction on sample geometry, while the cavity phase-shift method demands
very high reflectivity to work effectively.
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CHAPTER 5
CONCLUSIONS
5.1 Status of Model Verification
The optical system model of an AlGaN/AlN distributed Bragg reflector pre-
sented in chapter 2 of this thesis was combined with the design priciples for
DBRs presented in chapter 3 to create the designs for the two MBE-grown DBRs
presented in chapter 4 of this thesis. However, the results of these growths have
been mixed. While the model presented was able to correctly predict the center
wavelength and stopband width of a real AlGaN/AlN DBR, it was not able to
accurately predict the maximum reflectivity of the grown mirrors. Naturally,
this leads to the question of ”Why?”. An accounting of the assumptions is in
order.
In defining the transfer matrix method, it was assumed that interfaces were
perfectly flat and abrupt, and that absorption, if it occured, was an entirely volu-
metric process that took part across the entire crystal. However, as AFM images
reveal (see fig. 4.3), the surface of the crystal was not completely flat. While
features only 2 nm in height are not enough to cause significant diffuse scat-
tering, they are still capable of causing minor phase shifts that could degrade
the maximum reflectivity of the reflector. This calls forward a greater issue-
the 1D transfer matrix method has no adequate treatment for the issue of mi-
nor dimensional variances aside from attempts to apply variational methods to
address this problem.
The over-reliance on the use of the Brunner et al. [9] models of AlGaN optical
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constants may be causing errors to persist in the simulation. It must be noted
that some of Brunner et al.’s observations, such as the AlGaN bowing parameter
of +1.3 eV, have been called into question by other measurements [11]. The lack
of any alternate empirical models for the optical constants of AlGaN may be a
previously unidentified impediment into the simulation of AlGaN structures.
Despite these flaws, the model still holds some value. It was able to correctly
inform the design of a (non-optimized) Distributed Bragg Reflector that worked
well enough to be seen easily even with uncalibrated growth conditions. Parts
of the model remain completely unverified, such as the adaptations used to treat
Porous layers. This is driven by a lack of technical capacity, as no procedures
to reliably create porous AlGaN or AlN layers have yet been established. These
areas remain promising for future research.
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APPENDIX A
COMMON ABBREVIATIONS AND SYMBOLS
A Absorbance
AlN Aluminum Nitride
AlGaN Aluminum Gallium Nitride
DBR Distributed Bragg Reflector
Eg Bandgap Energy
MBE Molecular Beam Epitaxy
MEE Migration Enhanced Epitaxy
PAMBE Plasma Assisted Molecular Beam Epitaxy
R Reflectance
RHEED Reflection High-Energy Electron Diffraction
T Transmittance
UV Ultraviolet Light
UV-C Ultraviolet Light between 200 nm - 300 nm
VCSEL Vertical Cavity Surface Emitting Laser
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